In this study, the reliability of drag embedment anchors in the sand was assessed and the effect of anchor geometrical idealization on reliability indices was investigated as an inherited characteristic of analytical approaches. The anchor holding capacity was obtained by performing a series of iterative limit state analyses and a probabilistic model was developed for the selected anchor families. The tensions of the mooring lines connected to a semisubmersible platform were obtained by performing a series of time-domain dynamic mooring analyses using the OrcaFlex software. The uncertainties in environmental loads, metocean variables, and stress distribution along the catenary mooring lines were incorporated into the line tensions through the response surfaces. An iterative procedure was performed by adopting the first-order reliability method (FORM) to calculate the comparative failure probabilities in sand and clay. The study showed significant dependence of the anchoring system reliability on geometrical configuration of anchors, the seabed soil properties, and the environmental loads. It was observed that the implementation of the reliability-based design into the existing in-filed trial procedures could significantly improve the efficiency and cost-effectiveness of the design practice.
 (Neubecker and Randolph, 1996a 
Introduction
Drag embedment anchors are widely used as a cost-effective solution for temporary and permeant station keeping of floating structures. By growing offshore exploration and productions, the number of incidents in floating facilities induced by the failure of mooring system has been increased, subsequently (Wang et al., 2010; Ma et al., 2013) . This has caused the industry to further emphasize on reliability assessment of the mooring systems and their key components in various types of seabed sediments. Drag embedment anchors are amongst the crucial components of the mooring systems that are used with catenary and taut leg mooring systems. Different anchoring solutions might be used to provide an efficient and reliable mooring system such as suction anchors, propellant embedded anchors, screw-in anchors, plate anchors, deadweight anchors, pile anchors, and drag embedment anchors. However, the latter one is one of the most attractive options that are simple and cheap to install but challenging to evaluate the holding capacity (Neubecker and Randolph, 1996a; Aubeny and Chi, 2010) due to complex and uncertain interaction with the seabed. (see Fig. 1 ).
There are several studies in the literature that have considered the reliability assessment of various anchor families such as suction anchors (Choi, 2007; Valle-molina et al., 2008; Clukey et al., 2013; Silva-González et al., 2013; Montes-Iturrizaga and Heredia-Zavoni, 2016; Rendón-Conde and Heredia-Zavoni, 2016) . The high level of certainties in the evaluation of the holding capacity of suction anchors and the promising results obtained in aforementioned reliability studies has provided confidence about no need for field trials in assessment of holding capacities of these anchors. However, the situation is totally different in drag embedment anchors. Difficulties in collecting in-field holding capacity databases, the complicated interaction between the anchor and the seabed, the unknown ultimate depth and location of the anchor, and the need for the extensive amount of costly computational analyses have resulted in limitations to assess the reliability of these important anchor families. Therefore, the current design practice includes performing costly filed trials (e.g., API RP 2SK, 2008). Moharrami and Shiri (2018) published the first study on the reliability of drag embedment anchors and initiated a reliability assessment approach that could potentially result in elimination or mitigation of the filed trial expenses in future. However, the study was limited to clay and used plastic yield loci to be obtained from a series of time-consuming finite element analyses to characterize the fluke-soil interaction and failure states. Also, the authors did not investigate the impact of anchor geometrical idealization of the reliability indices, which is an inherited consequence of the numerical and analytical approaches.
In this study, the reliability of the drag embedment anchors was assessed in sand that has not been investigated in the past. A limit state approach, with no need to time-consuming finite element analysis was adopted to characterize the anchor failure state. The influence of using idealized anchor geometry on reliability indices was also examined and comparative studies were conducted between the sand and clay to obtain the effect of different uncertainties in shear strength parameters on reliability indices.
The holding capacity of anchors was calculated by developing an Excel spreadsheet and incorporation of the limit state analysis proposed by Neubecker and Randolph (1996a) . There are several studies on the prediction of drag anchors capacity by analytical and empirical solutions (Neubecker and Randolph, 1996a; Thorne, 2002; O'Neill et al., 2003; Aubeny and Chi, 2010) . However, the adopted solution (Neubecker and Randolph, 1996a) benefits from several advantages such as simplified prediction of the anchor capacity and trajectory, incorporation of chain-sand interaction, and comprehensive validation against the experimental studies (Neubecker and Randolph, 1996a; Neubecker and Randolph, 1996b; O'Neill et al., 1997) . This model has been widely used in several studies in the literature (Neubecker and Randolph, 1996b; Neubecker and Randolph, 1996c; O'Neill et al., 2003) and recommended by design codes (e.g., API RP 2SK, 2008) . The mooring line tensions were obtained by performing dynamic mooring analysis using OrcaFelx software and a generic semisubmersible platform. Reliability assessment was performed by using the first-order reliability method (FORM) through developing a probability model for anchor holding capacities.
The study further prepared the ground for improvement of the anchor design codes (e.g., API RP 2SK, 2008), where the 
Methodology
The reliability analysis was conducted by calculation of the anchor capacity against the mooring line tensions. The model proposed by Neubecker and Randolph (1996a) was used to analyze chain-soil and anchor-soil interactions in the sand and predict the anchor capacity at the mudline and shank pad-eye. The anchor model was programmed in an Excel spreadsheet macro using Visual Basic Application (VBA) (see Appendix 1 (Table 17) ). OrcaFlex software package was employed to model a generic semisubmersible platform in the Caspian Sea to obtain the characteristic mean and maximum dynamic line tensions for a 100 years return period sea states. Various key parameters were incorporated in the estimation of anchor capacities including peak friction at the seabed, dilation angle, soil density, fluke and shank bearing capacity factors, anchor geometrical configurations, line tension angle at mudline, and side friction factor. The response surfaces were used to determine the mean and expected maximum dynamic line tensions. First-order reliability method (FORM) was used to assess the reliability of anchors connected to the catenary mooring line. The DNV design code (DNV-RP-E301, 2012) was used to define the partial design factors on the mean and maximum dynamic line tensions and capacities.
Anchor-seabed interaction
The anchor system mobilizing the ultimate holding capacity comprises of the anchor and the connected chain, both of which were modeled in this study. The Stevpris MK5 and MK6 anchors were used, as the most popular choices in the industry.
Frictional capacity of chain
The frictional capacity between the chain and the soil can significantly contribute to the ultimate anchor capacity. Also, the angle between the anchor and the chain at the pad eye has an important effect on the soil-chain interaction. In the present study, a stud chain with a free body diagram of its differential segment shown in Fig. 2 was considered, and the methodology proposed by was adopted to implement the frictional chain capacity.
The parameter T is the line tension; θ is the inclination from the horizontal; F is the friction force, and Q is the typical soil reaction on the chain segment. Fig. 3 The three-dimensional failure wedge in plan & side view and force system of the anchor According to Fig. 2 , the tangential and normal equilibriums can be written as:
It is possible to describe the normal (Q) and tangential (F) soil resistances acting on the chain as soil pressures: 
where d is the nominal chain diameter, E n and E t are circumference parameters. In non-cohesive soils, the bearing pressure q can be expressed by:
where q is bearing pressure;N q is the standard bearing capacity factor; γ ′ is the effective unit weight of the soil; z is depth. These governing equilibrium equations are non-linear, which makes difficulties in finding the solution. Therefore, to simplify the equation, the chain was assumed to be weightless. Although, it is possible to account for the chain weight by a secondary effect, i.e., reducing the profile of normal resistance per unit length by an amount equal to the chain weight per unit length. However, showed that the contribution of the chain weight has a minor effect on ultimate capacity. The governing equilibrium equations for weightless chain now become:
where the relations ship between F and Q can be written as: where μ is the frictional coefficient which is between 0.4 and 0.6. By substitution of the eqs. (6) and (7) into eq. (8), the governing formula can be obtained:
Equation (9) can be written in the following form to give the expression for the load development along the chain:
Now substituting eq. (10) into eq. (7) and considering the small values of θ leads to:
where Q is the average bearing resistance (per unit length of chain) over the depth range of z to D. Equation (11) allows the change in chain angle to be estimated directly regarding the chain tension at the attachment point, T a and the average bearing resistance. Since the chain angle is close to the zero at the seabed, the eq. (11) can be simplified as below:
Combining eq. (10) with eq. (12) results in an equation that describes frictional development along the chain:
where T o is chain tension at mudline; T * is normalized tension that is given by: Assuming a soil layer with bearing capacity proportional to depth, for a surface chain angle equal to zero, proposed the following equation for chain profile:
where z* and x* are depth and horizontal distance normalized by D, respectively. Incorporating the anchor chain weight into the formulation to obtain a higher accuracy for general tension capacity, the following formulation was obtained:
where w is chain self-weight per unit length; and s is the length of chain.
Anchor holding capacity
In the present study, the drag anchor was assumed to move through the soil in a quasi-static condition.
Although the anchor has some finite velocity, the magnitude of this velocity is small so that the inertial considerations can be neglected. To obtain the anchor holding capacity, the limit state model proposed by Neubecker and Randolph (1996a) was adopted. Compared with the plastic loci approach adopted by Moharrami and Shiri (2018) , incorporation of the limit state approach eliminated the need for time-consuming finite element analysis. Figure 3 shows the threedimensional wedge failure mechanism for calculation of the anchor capacity at pad eye (T a ). Using the force equilibrium system shown in Fig. 3 , the first step is to calculate the cross-section area of the wedge:
where H is the depth of fluke tips; h is the back edge of the fluke; β is the inclination of the fluke, and λ is the failure wedge angle. The lateral extent of failure wedge can be calculated by: 
where ψ is the dilation angle. Now, the mobilized soil mass can be obtained based on the known values of X and A:
where W s is the mobilized soil mass; B is the width of the fluke. The side friction (SF) should be determined to satisfy limit equilibrium formulation:
where ∅ ′ is the soil friction angle. Using the force equilibrium system shown in Fig. 3 , the shank force could be driven from the standard bearing capacity as below:
where F s is the shank force; A s is the area of the shank; d s is the average depth of the shank; and N qs is the bearing factor for the shank. There are still two unknown forces acting on the soil wedge, i.e., the fluke force (F f ) and soil reaction (R). By considering horizontal and vertical force equilibrium, the unknown forces can be simply determined. Now, using the force equilibrium of the anchor alone, the unknown forces in the back of the fluke (F fb ) and the chain tension (T a ) can be calculated based on horizontal and vertical force equilibrium. This procedure was iteratively continued with different values of the failure wedge angle (λ) to calculate the minimum upper bound estimate of the anchor holding capacity (T a ). The MK5 and MK6 anchors that were considered in this study have a fluke length to fluke thickness ratios (L f /d f ) of 6.67 and 3.09 respectively (see Fig. 4 ).
The geometrical properties of these anchors are provided in Table 1 . Table 2 shows the calculated values of the holding capacities or design resistances (R d,a ) and the corresponding line tension angles (θ a ) at the pad-eyes for the selected MK5 and MK6 anchors.
The selection of these anchor families facilitated making comparisons between the current study and the results obtained in earlier investigations in clay.
Anchor kinematics
The anchor trajectory is a key parameter that can be used for interpretation of the obtained holding capacities and reliability indexes in the later stages. The solution proposed by Neubecker and Randolph (1996c) for prediction of the anchor trajectory was adopted, where three main conditions were set to ensure kinematic admissibility of the anchor model. These conditions put constraints on the absolute and relative displacements of the anchor and the soil wedge and hence are helpful in defining the kinematics of the system. First, the soil wedge will move at the dilation angle to the failure surface. Second, displacement of the soil relative to the anchor (du sa ) must be parallel to the upper face of the flukes. Third, the anchor must maintain contact with the soil behind it by traveling in a direction parallel to the back of the fluke. The third condition applies when there is a force on the rear of the flukes so that when this force becomes zero, the anchor is free to travel away from the soil behind it and this condition is meaningless. These three conditions for anchor and soil displacements fully describe the kinematics of the system so that for a given anchor displacement the magnitudes and directions of the soil displacement and the relative anchor-soil displacement can be easily calculated. Figure 5 shows the main flowchart used for incorporation of the anchor kinematics.
The minimum work approach was applied and the penetration Δy and rotation Δθ were considered to obtain the incremental anchor displacements. Developing iterative macro for prediction of anchor performance
The static limit state and kinematic models were coded into an Excel spreadsheet using VBA macros to calculate the ultimate holding capacity of the anchor-chain system and the anchor trajectory. The developed spreadsheet performed a series of iterative analyses with the calculation procedure outlined in Fig. 5 . The proper performance of developed Excel spreadsheet was validated against the published experimental and analytical studies (Neubecker and Randolph, 1996c) , the sample design codes (NCEL, 1987) , and the referenced manufacturers datasheets (Vryhof Anchors, 2010) (see Fig. 6 ).
The input parameters of the validation case study are given in Table 3 . Figure 6 shows a perfect agreement between the developed VBA macro and the results published by the developer of the original limit state anchor solution.
Time-domain mooring analysis of semisubmersible platform
A generic semisubmersible platform located in the Caspian Sea was considered with eight leg catenary spread mooring system for dynamic mooring analysis (see Fig. 7 ). Similar configuration with earlier studies (Moharrami and Shiri (2018) ) was adopted to enable a comparison of the results.
Each mooring line comprised of three different parts, i.e., the upper, middle and lower segments. The upper and lower segments were made of chain, while the central segment was wire rope. A water depth of 700 m was assumed and a finite element model was developed using OrcaFlex software to obtain the dynamic line tensions at the touchdown points (TDP).
Performing a three hours' time-domain simulation, the most critically loaded line was detected for the environmental loads with a 100 years return period (i.e., H s = 9.5 m, T P = 12.8 s, and U 10 = 29 m/s). A similar head sea response amplitude operator (RAO) of the platform published by Moharrami and Shiri (2018) was adopted to facilitate comparison of the results.
The key outcome of dynamic mooring analysis is summarized in Table 4 .
The main output of the analysis includes the parameters T d (design line tension), θ o (line angle at mudline), T mean-C (characteristic mean tension), and T dyn,max-C (characteristic mean maximum dynamic tension) that will be used for reliability assessment in the next section.
First-order reliability analysis
First-order reliability method (FORM) was adopted through an iterative procedure to obtain the probabilistic results by incorporation of uncertainties in seabed soil properties and environmental loads. The probabilistic modeling of anchor Fig. 10 Response surfaces for T mean and T dyn, max Fig. 9 The mean and standard deviation of anchor capacity versus fluke length; MK6 capacity was conducted by using the limit equilibrium method. The embedment profile and the frictional capacity of the chain were also accounted for in the calculation of ultimate holding capacities. The response surface approach and appropriate probability density functions were used to take into consideration the uncertainties of the environmental loads and metocean variables including significant wave height, spectral peak period, wind velocity, and consequently the stress distribution throughout the catenary lines. A target failure probability of 10E-5 was set assuming a consequence class of 2 as per recommendations made by DNV-RP-E301 (2012). Further details are provided in the coming sections.
Limit state function
In order to establish the limit state function, care should be taken on considering the contribution of the frictional chain capacity and its effect of the complexity of the reliability analysis. If the limit state function is formulated at the pad-eye, the statistical dependence between the applied load and the capacity of the anchor must be determined, and the complexity of the reliability analysis will be significantly increased. On the other hand, the current study aims to focus on uncertainties existed in the evaluation of anchor capacity rather than the chain capacity. Therefore, an alternative approach that has also been used by other researchers (Choi, 2007; Silva-González et al., 2013 ) was adopted to prevent unnecessary complication in the reliability analysis. The limit state function was formulated at mudline, but the chain-soil interaction impacts were considered in the calculation of the ultimate holding capacity. This approach facilitated the reliability analysis by keeping the variables independence between the line tension and the capacity of the anchor at the mudline. Therefore, the limit state function was written as follows (DNV-RP-E301, 2012):
where R d is the design anchor and chain system capacity at mudline. The design line tension at mudline (T d ) was defined as (DNV-RP-E301, 2012):
where T mean − C is the mean line tension due to pretension and mean environmental loads; T dyn − C is the dynamic line tension due to low frequency and wave frequency motions; γ mean is the partial safety factor for the mean line tension; and γ dyn-c is the partial safety factor for the dynamic line tension. The values of γ mean and γ dyn-c for consequence class 2 and the dynamic analysis were taken as 1.40 and 2.10, respectively (DNV-RP-E301, 2012). Both T mean-C and T dyn,max-C are expressed at the mudline as functions of the significant wave height (H s ), peak period (T p ), and wind velocity (U 10 ) representing an extreme sea-state. Consequently, the limit state function can be written as:
The anchor capacity and load tensions are evaluated in the direction of the mooring line at the touchdown point, where the anchor line starts to embed (i.e., at an angle θ o with the horizontal direction). The probability of failure P F during a given extreme sea state was defined as:
By using a Poisson model for the occurrence of extreme sea states (Silva-González et al., 2013) , the annual probability of failure P Fa was written as an exponential function of the probability of failure P F :
where λ is the ratio of the number of extreme sea states to their observation period (in years); for small values of λ P F , the annual probability of failure is P Fa ≈ λ P F .
Probabilistic modelling of anchor capacity
The crucial factors that were used to construct the anchor capacities database were including the peak friction angle (ϕ p ), the dilation angle (ψ), and the soil density (γ′). The mean value of peak friction angle (μ ∅ p ) for lognormal distribution was set to 35°with a coefficient of variation (δ ∅ p ) equal to 0.05 to take into consideration the uncertainty due to systematic test variations and spatial variations of the soil properties (Basha and Babu, 2008; Anchor manual, 2010) . A normal distribution with a mean value (μ ψ ) of 8.49°a nd a coefficient variance (δ ψ ) of 0.28 was adopted for the sand dilation angle (ψ) that was calculated by using Bolton's empirical equation for sand (Bolton, 1986; Phoon, 1999; Simoni and Houlsby, 2006) . The soil density was represented by a normal distribution with a mean value (μ γ 0 ) of 10.07 and a coefficient variance (δ γ 0 ) of 0.02 Phoon, 1999; Simoni and Houlsby, 2006) . To construct the capacity database, 5000 simulations were conducted by adopting different values of ϕ p , ψ and γ′. Figure 8 shows the fitted distribution and the histograms of the anchor capacities at mudline for MK5 and MK6 anchors with L f equal to 3.624 (Left) and 3.961 (Right). Table 5 shows the mean (μ), standard deviation (σ), median value (m), and coefficient of variation (δ) of anchor capacities at pad-eye and mudline for MK5 (with fluke lengths of 2.707, 3.166, 3.41 and 3.624 m) and MK6 (with fluke lengths of 2.958, 3.46, 3.728 and 3.961 m).
The variation of the mean and standard deviation of anchor capacity versus the fluke length for the MK6 anchor family at pad-eye and mudline are illustrated in Fig. 9 to show the capacity distribution.
The mean capacity at mudline is 10 -14% higher than the mean capacity at pad-eye. Commonly in all anchor models, when the fluke length and fluke thickness increase, the differences between capacity at the pad-eye and mudline increase. The same conclusion can be driven for differences between median capacities at the pad-eye and the mudline, but in some anchor models (MK6 with L f = 3.961 m) the difference 
Probabilistic modelling of line tension
The response surfaces were developed using an approach proposed by Silva-González et al. (2013) , where a Gaussian process was adopted to define the dynamic line tensions (Sarkar and Eatock Taylor, 2000; Choi, 2007) . The maximum expected dynamic line tension during the extreme sea state (presented by a random vector of r uncertain environmental variables (Θ)) was expressed based on the model proposed by Davenport (1964) :
where Δt is the duration, ν Θ = ν(Θ) and σ T,Θ = σ(Θ) are the mean crossing rate and the standard deviation of the dynamic line tension, respectively. A second order polynomial expansion was used to represent both the line tension T mean , and the predicted maximum dynamic line tension at mudline T dyn, max by using Θ:
Where Y(Θ) is the response of interest, and Θ is the r × 1 vector of environmental variables. The following unknown coefficients c, a (r × 1) and b (r × r) were determined by Fig. 12 The logarithm of failure probability versus (a) fluke length, and (b) anchor weight response analysis. To develop response surfaces, seven key environmental parameters were investigated on the mooring system in the Sardar-e-Jangal gas field in the Caspian Sea. A database of 8100 different combinations was built using divergent environmental variables such as significant wave height (H s ), the direction of the wave (d w ), the velocity of wind (U 10 ), peak period (T p ), route of wind (d ww ), the speed of surface current (U c ), and current path relative to wave direction (d wc ). The mooring line with the highest load was taken into consideration to obtain the response surfaces. Figure 10 illustrates the response surfaces of both mean and maximum expected dynamic line tension for the domains of the peak wave period and significant wave height. The extreme sea states were identified by using a storm event. A time interval was determined around the peak period using clustering and de-clustering (t peak -ΔT cluster , t peak -ΔT cluster ). In the defined interval, the extreme sea state happens if the sea state at t peak experiences a significant wave height higher than a threshold amount (H s ≥ H s th ).
Other environmental variables were considered based on t peak . The extreme ecological quantities of the Caspian Sea were determined according to the three-hour time series during a 24 years observation period provided by metocean studies. Using a set of 24 extreme sea states throughout the hindcast time series and using the peak over threshold method, the marginal probability distributions of Θ = [H s , T p , U 10 ] T were generated. The magnitude of the mean annual rate, λ, was 30/24 = 1.25 per year based on the maximum probability estimate. The marginal distributions with the best fitting, the maximum probability estimate parameters; and the correlation coefficients for three crucial environmental variables are provided in Table 6 and Table 7 .
Results of reliability analysis
First-order reliability method (FORM) was used to carry out the reliability analyses. In this study to ignore the convergence problems in FORM method, a narrow and appropriately weighted Gaussian distribution was used to model the finite probability at a lower bound capacity (Melchers et al., 2003) . The variation of the annual reliability index as a function of dry anchor weight and fluke length are shown in Fig. 11 , where each point on the plot (a) corresponds to an equivalent point in the plot (b) and vice versa. For instance, point 4 in both parts of Fig. 11 represents an MK5 anchor with L f = 3.961 m and W a = 12 t with an annual reliability index of 3.92.
As shown in Fig. 11 , to achieve specified target reliability, different anchor families with different fluke lengths and weights are available. For example, for desired reliability index of β annual = 2, either MK5 with L f = 3.46 m and W a = 8 t (point 2) or MK6 with L f = 2.95 m and W a = 5 t (point 5) could be used. Figure 11 shows that for the anchors with the close magnitude of fluke length but different weights (from MK5 and MK6), the corresponding reliability levels are remarkably different. For instance, the 10 tones MK5 and 8 tones MK6 anchors with L f values of 3.41 m (point 3) and 3.46 m (point 6) have a reliability index of 3.2 and 5.08, respectively. This shows that despite the clay (Moharrami and Shiri, 2018) the anchor weight is less influential in the sand, so a lighter MK6 anchor gives higher holding capacity, higher reliability index, and consequently lower failure probability (reduces from 0.0119 to 1.5 × 10 −7 ) compared with a heavier MK5 anchor. These ranges of failure probability are commonly used for ultimate limit state design in offshore systems (DNV-OS-E-301, 2010; DNV-OS-F201, 2010; DNV-OS-F101, 2013) . As observed in Fig. 11 , the fluke length has a significant effect on reliability indexes in both anchor families; the larger fluke length, the higher holding capacity, the higher reliability index, and the lower probability of failure. Figure 12 illustrates the logarithmic variation of failure probability (log (P Fa )) versus anchor weight and fluke length with a linear curve fit for MK5 and MK6. The curves' slopes in Fig. 12 indicate the required increment of anchor weight and fluke length to decrease the annual probability of failure for one order of magnitude (by a factor of 10). These results can be used in a life cycle cost-benefit analysis, where the modeling initial cost is required as a function of the probability of failure. The initial cost can increase by increasing material mass and volume, which are associated with anchor weight and fluke length, and therefore deduction in failure probability. By observing both curves in Fig. 12 the slopes of MK6 are remarkably higher than MK5, so that a small deviation in fluke length and fluke weight results in a considerable change in failure probability and reliability index. These required increasing rate of the anchor weight and the fluke length for MK5 are 1.8542, 0.2702 and for MK6 are 0.6408, 0.1072, respectively. Therefore, to improve the reliability index from 2.26 to 3.91, a 24% increase in weight and 9% increase in fluke length are needed in MK5, and an 8% increase in weight and 4% increase in fluke length is required in MK6.
As shown in Fig. 12 , in MK6 anchor families, beyond an anchor weight of 8 t and fluke length of 3.46 m the annual reliability index and the logarithm of failure probability approaches the infinity that is shown by dashed lines.
Equivalent reliability study in sand and clay
The reliability assessment results obtained from the current study in the sand was compared with the earlier published studies in clay (Moharrami and Shiri, 2018) to provide an in-depth insight into the problem. The comparative reliability assessment was conducted to determine the anchor classes (commonly referred to by their weight in practice) resulting in similar reliability indexes. Figure 13 shows the comparative reliability indexes obtained for different anchor weights from MK5 and MK6 families in sand and clay. The plots show the anchor classes in sand and clay that result in a close magnitude of reliability indexes. For instance, an 8 t MK5 anchor in the sand (point 1) results in an almost same reliability index (2.26 and 2.48) given by a 15-t MK5 anchor in clay (point 5). In MK6, the reliability indexes of anchors heavier than 8 t are infinity, so there are only two points for sand. Table 8 provides the map of equivalent anchor classes in sand and clay resulting in a fairly close reliability index.
Further studies can be conducted to determine the equivalency map between the different anchor groups, e.g., MK3, MK5, MK6, and even other anchors in the market. This kind of information can provide better insight for operators and designers to select the required anchors with the desired level of reliability that may vary depending on project conditions. As instance, the results presented in Table 8 indicates that for mobile platforms with existing classes of anchors, the number of anchoring field trial in sand seabed to achieve the target reliability can be reduced in comparison with clay and this can result in a considerable saving in the resources.
Idealization of anchor geometry
It is not feasible either in numerical or analytical studies to model the complex geometry of commercial anchors. Therefore, the anchor geometry is commonly idealized by simple rectangles to represent the effective bearing areas of fluke and shank (see Fig. 14) . For this purpose, the length of rectangular fluke and shank are assumed equal to the length of the commercial anchor. Then the width of the rectangles is adjusted to result in an equivalent projected area (Neubecker and Randolph (1996a) ). As the accuracy of the equivalent projected area increases, the predicted anchor capacity becomes more realistic and approaches to the capacities obtained through field trials.
It was noticed during the current study, that this geometrical idealization process might affect the reliability indices to some extent. It was investigated by examining two different cases of idealized geometry of four different weights of MK5 anchor with different level of accuracies in the calculation of the equivalent projected area (see Table 9 ). The resultant anchor holding capacities were obtained and the corresponding annual reliability index and annual failure probability were compared.
The mean and standard deviation of MK5 anchor capacity for Case 1 and 2 were plotted in Fig. 15 as a function of fluke length to obtain the capacity distribution.
The annual reliability indices were obtained and compared in Fig. 16 . The results show that a 5.9 to 7.7% variation in shank effective width and 13.7 to 14.3% variation in fluke effective width have resulted in up to 12.5% variation in the annual reliability indices. The lowest impact has occurred in moderate anchor weights (i.e., 7 to 9 tones).
These results show that the geometrical idealization procedure needs particular attention to improve the accuracy of the anchor holding capacity and consequently the results of reliability studies. This can be achieved by adjusting the idealization approach through comparisons with the existing manufacturer and field trials data in every specific anchoring project. It would be highly beneficial if the obtained results in the current study were compared to a benchmark design of the anchor geometry without idealization. However, it is not feasible at the moment due to having no analytical solution to model the real anchor geometry. In addition, using advanced large deformation finite element (LDFE) analysis or remeshing and interpolation technique with small strain (RITSS) analysis to run thousands of extremely time-consuming LDFE analysis for reliability studies is not currently feasible. These limitations need to be resolved by developing improved analytical and numerical solutions. . 15 The mean and standard deviation of anchor capacity versus fluke length
Conclusions
The reliability analyses of the drag embedment anchors in the sand along with the effect of geometrical idealization were investigated using analytical and numerical approaches. The key observations are summarized as follows:
& The costly in-field testing procedure recommended by design codes for estimation of the anchor capacities are identical for all of the anchor families, seabed soil types, environmental loads, and operation conditions. This approach neglects the reliability effects associated with various uncertainties and results in less cost-effective solutions. The current study showed that anchoring design procedures could be improved by performing reliability studies using analytical and numerical models. & The existing theoretical anchor solutions are developed based on simplified anchor geometries. The study showed that idealization of anchor geometry affects the reliability indices. Further investigations and improved numerical and analytical solutions are required to determine the best practice for the idealization of anchor geometry and approach the results of field trials. & A target reliability index for a given anchor family in the sand can be achieved by a lighter anchor compared to the clay. It is challenging to determine a corresponding set of soil parameters in clay and sand to result in an identical reliability index. However, further studies in this area can be beneficial in proposing a more cost-effective infield testing procedure depending on the seabed soil properties. & The geometrical configuration of the anchors, particularly the fluke length, is the most influential parameters in determining the reliability indices. The anchor weight has a beneficial contribution to achieving a higher level of reliability but to a less extent. A well-designed anchor geometry can significantly dominate the weight effect. For instance, some lighter MK6 anchors result in a higher reliability index compared to heavier MK5 models due to their superior geometrical design.
It is worth mentioning that the reliability models for assessing the anchor capacities can be significantly improved by having access to the in-field test databases and corresponding seabed soil properties, and the statistics of failures. These kinds of information are mandatory for obtaining absolute reliability indices or failure probabilities. However, the closed-form solution is highly beneficial for performing comparative studies and improving the recommended practices. Also, the current study is limited to one anchor group and a specific geographical location. Further investigations using different anchors and a range of environmental loads, and system configuration would provide much better insight into this challenging area of engineering. 
